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We study high-energy emission from the mergers of neutron star binaries as electromagnetic coun-
terparts to gravitational waves aside from short gamma-ray bursts. The mergers entail significant
mass ejection, which interacts with the surrounding medium to produce similar but brighter rem-
nants than supernova remnants in a few years. We show that electrons accelerated in the remnants
can produce synchrotron radiation in X-rays detectable at ∼ 100 Mpc by current generation tele-
scopes and inverse Compton emission in gamma rays detectable by the Fermi Large Area Telescopes
and the Cherenkov Telescope Array under favorable conditions. The remnants may have already
appeared in high-energy surveys such as the Monitor of All-sky X-ray Image and the Fermi Large
Area Telescope as unidentified sources. We also suggest that the merger remnants could be the origin
of ultra-high-energy cosmic rays beyond the knee energy, ∼ 1015 eV, in the cosmic-ray spectrum.
PACS numbers: 96.50.Pw,97.60.Jd,98.70.Sa
I. INTRODUCTION
Recent development of gravitational wave (GW) inter-
ferometers such as advanced Laser Interferometer Grav-
itational wave Observatory (aLIGO) [1], advanced Virgo
gravitational wave detector (AdV) [2], and KAGRA [for-
merly called Large-scale Cryogenic Gravitational wave
Telescope (LCGT)] [3], has raised expectations for de-
tecting GWs from violent astrophysical events. The de-
tection of GWs enables us to test general relativity and
to open a new window to the universe.
The merger of compact binaries, including neutron
stars (NSs) and/or black holes (BHs), is a primary source
candidate of GWs. The detection rates of GWs from
these binary mergers have been studied (e.g., [4–7]). Re-
cent estimations suggest that the next-generation GW in-
terferometers would detect 40, 10, and 20 events per year
for NS-NS, BH-NS, and BH-BH binaries, respectively ([8]
and references therein; see also [9] about expectations for
aLIGO and AdV in the forthcoming years). A more re-
cent estimation suggests the detection rate of BH-BH
binary mergers more than one order of magnitude higher
[10]. The ongoing LIGO has already constrained the
merger rates of these compact binaries. The upper limits
on NS-NS, BH-NS, and BH-BH binary merger rates are
1.4 × 10−2, 3.6 × 10−3, and 7.3 × 10−4 yr−1L−110 at 90%
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confidence level, respectively [11]. Here, L10 = 10
10LB,⊙
and LB,⊙ = 2.16× 10
33 erg s−1 is the solar luminosity in
the B band [12].
Recent simulations have revealed that the merger of
neutron star binaries (NSBs), i.e., NS-NS and BH-NS bi-
naries, leads to dynamical mass ejection. Newtonian and
fully general relativistic simulations of NS-NS mergers
have shown the subrelativistic ejection of NS material
by tidal torque and/or shock heating with the mass of
M = 10−4M⊙ - 10
−2M⊙ and the speed of β = 0.1 - 0.3
in the unit of the speed of light c for a wide range of
parameters [13–16], where M⊙ is the solar mass. Mass
ejection via magnetically driven winds [17] and neutrino-
driven winds [18] may be also possible. The shock waves
accelerated by a steep density gradient at a NS surface in
the merging phase can also drive relativistic ejecta [19].
A relativistic wind from a rapidly rotating and strongly
magnetized NS produced in the post-merger stage may
additionally inject energy to the ejecta, as discussed in
the context of the extended emission of short gamma-
ray bursts (SGRBs, e.g., [20, 21]). Mass ejection from
BH-NS mergers has also been studied and the tidal mass
ejection is also expected [22–27]. The general relativistic
simulations of BH-NS mergers show that the mass ejec-
tion is highly anisotropic with M = 10−2M⊙ - 10
−1M⊙
and β = 0.2 - 0.3 [27].
Ejecta from NSBs are inevitably neutron-rich, and can
drive r-process nucleosyntheses [22, 28]. The radioac-
tive decay of r-process elements powers transient events,
so-called macronovae or kilonovae [29–32]. Macronovae
have been expected to be bright in optical bands at a few
2days after the mergers of NSBs [30, 31]. Recent studies
with detailed opacity treatment including elements heav-
ier than iron groups have indicated that macronovae are
longer and softer events than those previously thought,
over a week in infrared bands [32–34]. A recent near-
infrared observation of short GRB 130603B by the Hub-
ble Space Telescope (HST) at a post-burst phase finds
radiation consistent with a macronova [35, 36]. Although
this radiation can be also interpreted as an afterglow, this
observation implies mass ejection withM ∼ 10−2M⊙ and
β ∼ 0.1 if this is from a macronova.
The subsequent evolution of the subrelativistic ejecta is
very similar to that of supernova remnants (SNRs). The
ejecta expand freely in the initial phase [27]. Then, they
start to strongly interact with the interstellar medium
(ISM) and to be decelerated when the mass of the swept-
up ISM becomes comparable to the ejecta mass, entering
into the Sedov-Taylor phase (e.g., [37]). The evolution
of NSB remnants is generally faster than that of SNRs
due to smaller ejected mass and the higher velocity of the
ejecta. Note that the word of remnants is used for the
remnants generated by interactions between the ejecta
and the ISM, analogously to SNRs, not NSs or BHs pro-
duced by mergers throughout this paper. A fraction of
the kinetic energy of the ejecta is converted to the energy
of particles, i.e., the particles are accelerated at a forward
shock in the remnants. In the magnetized medium, accel-
erated relativistic electrons radiate synchrotron photons
in radio bands [38–40].
In this paper, we show that relativistic electrons ac-
celerated at the forward shocks of NSB remnants can
also emit X-rays and gamma rays in the framework of
a synchrotron self-Compton (SSC) model (e.g., [41, 42]).
Emission by SSC is inevitably present in a magnetized
system with relativistic electrons. The ejecta of a NS-
NS merger expand to the entire directions; NS material
expands to the equatorial plane mainly due to tidal in-
teraction, and it also expands along the rotational axis
due to shock heating (e.g., [15]). The ratio of the veloc-
ities of the former and latter components is ∼ 2 : 1 in
fully general relativistic simulations [15], while the for-
mer component is dominant, i.e., anisotropy is larger, in
Newtonian simulations (i.e., [43]) due to weaker gravity
in the vicinity of the NSs than general relativity. In both
cases, the expansion of the ejecta is reasonably approxi-
mated to be isotropic. A recent simulation revealing that
radioactive heating quickly smooths out inhomogeneities
in the initial mass distribution also supports this approxi-
mation [44]. Although NS-NS mergers could also produce
the relativistic ejecta by the shock breakout [19], we con-
sider only the subrelativistic ejecta in this study. On
the other hand, the ejecta of a BH-NS merger expand
anisotropically at the initial phase. Then, when they are
decelerated by interactions with the ISM, they start to
expand in a nearly isotropic manner because their lateral
expansion speed is roughly the sound speed comparable
with the speed of the shock. Thus, we emphasize that
the model based on the approximation of the isotropic
expansion in this paper is also applicable to the cases of
BH-NS mergers.
It is worth noting that there are few models for X-
ray and higher energy emission associated with GWs.
Isotropic emission is eagerly anticipated to find electro-
magnetic counterparts that help the localization of GW
sources because the SGRB jet, if any, is off-axis in most
cases and not able to be detected. X-ray emission in the
inspiral phase is proposed, which may be precursors of
SGRBs [45–47]. The relativistic ejecta driven by acceler-
ating shock waves generated just after the collision of NSs
produce non-thermal electrons via shock acceleration,
emitting synchrotron radiation [19]. The synchrotron
emission reaches X-ray energies and is radiated almost
isotropically because the ejecta expand nearly isotropi-
cally. Another model is the early ”afterglow” of a NS-NS
merger lasting several thousand seconds powered by the
dissipation of the kinetic energy of the magnetized wind
from a rapidly-spinning massive NS [48]. This model
predicts a large opening angle of emission compared to
SGRBs (30◦–40◦ for a reasonable parameter choice [49]),
which is determined by the balance between the pressure
of the magnetar wind nebula and ejecta. Also, high-
energy neutrinos from magnetar wind nebulae are pro-
posed [50]. Compared to these models our model is based
on more conservative mass ejection, i.e., dynamical mass
ejection, confirmed by numerical simulations. Also, this
study is the first estimation of inverse-Compton-scattered
photons for isotropic radiation.
This paper is laid out as follows. We start with the
description of our model in Section II. Then, we show
the spectral energy distribution (SED) of NSB merger
remnants (NSBMRs) and investigate their dependence
on parameters related to particle acceleration in Section
III. The detectability of the emission is discussed with
particular attention to possible backgrounds in Section
IV. Then, we discuss the dependence of the SED on
parameters of the environments and the ejecta properties
of the merger, and examine possible hadronic emission in
Section V. Then, this study is summarized in Section VI.
II. THE MODEL
Consider mass M dynamically ejected isotropically
from a NS-NS merger with the speed of βc. The ejecta
initially expand freely and isotropically, and sweep up
the surrounding ISM with the number density n. When
the total mass of the swept ISM becomes comparable
with M , the ejecta are started to be decelerated and the
expansion enters into the Sedov-Taylor phase. A strong
forward shock is generated where particles are acceler-
ated. The deceleration radius is
Rdec =
(
3M
4πnmp
)1/3
= 1× 1018M
1/3
−2 n
−1/3
0 cm, (1)
3and the corresponding deceleration time tdec is
tdec =
Rdec
βc
= 5M
1/3
−2 n
−1/3
0 β
−1
0.3 yr, (2)
where M−2 = M/(10
−2M⊙), n0 = n/10
0 cm, β0.3 =
β/0.3, andmp is the proton mass. In the case of a BH-NS
merger, the deceleration radius and time may be modi-
fied by a factor of (4π/∆Ω)
1/3
where ∆Ω is the solid
angle where NS material is initially ejected. This factor
is small, only ∼ 2 according to general relativistic simu-
lations [27]. Thus, although the calculation results below
assume isotropic mass ejection, they can be reasonably
applied to the BH-NS merger cases just by replacing pa-
rameters with those of BH-NS mergers. Throughout this
paper we estimate emission from accelerated electrons at
t = tdec when it is the most luminous.
Let us roughly estimate the bolometric flux of emis-
sion from a NSBMR occurred at D = 100 Mpc from
the Earth. We assume that relativistic electrons have
a fraction ǫe of the total kinetic energy of the ejecta
E =Mβ2c2/2. If the energy of the electrons is converted
into radiation at t = tdec, the bolometric flux is
fmax =
ǫeE
4πD2tdec
≃ 4× 10−13ǫe,−1M
2/3
−2 β
3
0.3n
1/3
0
×D−22 erg cm
−2 s−1, (3)
where ǫe,−1 = ǫe/10
−1 and D2 = D/10
2 Mpc. This
numerical value is well above the sensitivity of active X-
ray telescopes such as Chandra X-ray observatory, the
X-ray Multi-mirror Mission Newton (XMM -Newton),
Suzaku X-ray telescope in soft X-ray ranges for point-
like sources. Also, it is comparable with the sensitivity
of the Cherenkov Telescope Array (CTA) in the very-
high-energy (> 100 GeV) range [51]. The distance of 100
Mpc is within the horizon of aLIGO and AdV to NS-NS
and BH-NS binaries [8]. Given a NS-NS merger rate per
galaxy of ∼ 10−4 yr−1 from known NS-NS mergers in the
Milky Way and the number density of galaxies of ∼ 10−2
Mpc−3, the number of NS-NS binary merger remnants
within the distance of D can be estimated as
NMR ∼
(
10−4yr−1
) (
10−2Mpc−3
) 4π
3
D3tdec
∼ 21D32M
1/3
−2 n
−1/3
0 β
−1
0.3 . (4)
Therefore, high-energy emission from NSBMRs may be-
come good observational targets for these instruments if
they produce photons in the high-energy bands. Thus,
we consider NSBMRs within 100 Mpc throughout this
paper that allow us to neglect cosmological effects. The
detection of such high-energy photons can confirm that
electrons are accelerated.
We calculate the broadband SED of NSBMRs in the
framework of a SSC model with a numerical code devel-
oped in [52]. In the SSC model synchrotron radiation
and SSC emission are calculated based on a given elec-
tron spectrum and the strength of magnetic fields. The
inverse Compton scattering (ICS) of cosmic microwave
background photons and bremsstrahlung are negligible
in the range surveyed in this study. The model param-
eters defined in this Section are summarized in Table I.
The table also exhibits the fiducial parameters used in
this study for NS-NS merger remnants. In the cases of
BH-NS merger remnants, a larger value of the ejected
mass M (∼ 0.1M⊙) can be allowed [27].
We assume that a fraction ǫB of internal energy re-
leased at the forward shock is converted to the energy
of magnetic fields downstream of the shock. Rankine-
Hugoniot relations indicate that the released internal en-
ergy density is 9nmpβ
2c2/8 for a non-relativistic gas, and
therefore the strength of the magnetic fields is
B = (9πǫBnmp)
1/2
βc = 6× 10−3ǫ
1/2
B,−2n
1/2
0 β0.3 G, (5)
where ǫB,−2 = ǫB/10
−2.
The spectrum of accelerated electrons at injection is
assumed to be a power-law function with the index of s in
the range from the minimum Lorentz factor at injection
γm and the maximum Lorentz factor of electrons γmax
following diffusive shock acceleration [53, 54],
dN
dγ
(γ) = N˜γ−s (γm < γ < γmax), (6)
where γ is the Lorentz factor of electrons and N˜ is the
normalization factor of the total number of electrons.
The maximum Lorentz factor of electrons can be es-
timated by equating the time scale of particle acceler-
ation and the minimum time scale among the dynami-
cal timescale tdyn = Rdec/βc (= tdec in this study) and
cooling time scales. The acceleration time scale is esti-
mated in the framework of diffusive shock acceleration
for a parallel shock in the test particle approximation as
(e.g., [53, 54])
tacc =
20ξrL
3β2c
, (7)
and the Larmor radius of the particles rL is
rL =
γmec
2
eB
, (8)
where me is the electron mass, e is the absolute electric
charge of an electron, and ξ ≥ 1 is called a gyrofactor,
representing particle acceleration efficiency; a larger ξ re-
sults in less efficient acceleration because particles require
more time to go back and forth between the downstream
and upstream of the shock. Although X-ray observa-
tions have revealed ξ ∼ 1 in the cases of shell-type SNRs
[55, 56], it is still difficult to predict the value of ξ from
theories. Thus, we treat ξ as a free parameter.
Electrons are cooled predominantly by synchrotron ra-
diation with the time scale of
tsyn =
6πmec
σT γB2
, (9)
4where σT is the cross-section of Thomson scattering.
Therefore, the maximum Lorentz factor of electrons is
γmax = min
(
3eβRdecB
20ξmec2
,
[
9πeβ2
10ξσTB
]1/2)
. (10)
When this is regarded as a function of ξ, this expression
is numerically represented as
γmax =
{
2× 108ξ−1/2ǫ
−1/4
B,−2n
−1/4
0 β
1/2
0.3 (ξ < ξb)
2× 1011ξ−1ǫ
1/2
B,−2M
1/3
−2 n
1/6
0 β
2
0.3 (ξ ≥ ξb),
(11)
where
ξb =
σT eB
3R2dec
40πm2ec
4
= 2× 106ǫ
3/2
B,−2M
2/3
−2 n
5/6
0 β
3
0.3. (12)
The particle acceleration is limited by synchrotron cool-
ing for ξ < ξb and it is restricted by the dynamical time
tdec for ξ ≥ ξb. In many cases the maximum Lorentz
factor γmax is limited by the synchrotron cooling in this
study.
The normalization factor N˜ and the minimum Lorentz
factor of electrons at injection γm are determined from
the total energy and number of accelerated electrons.
The definition of ǫe is expressed as
ǫeE = N˜mec
2
∫ γmax
γm
dγγ1−s. (13)
On the other hand, assuming that only a fraction η of
bulk electrons are accelerated, the number conservation
is represented as
ηN = N˜
∫ γmax
γm
dγγ−s. (14)
Here, the total number of bulk electrons N is 4πR3decn/3.
In order to estimate γm and N˜ , Eqs. (13) and (14)
are solved numerically by the Newton-Raphson method.
Note that γm is written down approximately in an ana-
lytical form if s > 2 and γmax is high enough,
γm ≃
ǫeE
ηNmec2
s− 2
s− 1
. (15)
This expression is useful to understand the dependence of
γm on parameters, such as on the fraction of accelerated
electrons η.
Assuming the continuous injection of electrons with a
flat rate, synchrotron cooling increases the spectral index
by unity above a characteristic Lorentz factor γc. This
cooling Lorentz factor γc is estimated by equating tsyn
and tdyn,
γc =
6πβmec
2
σTB2Rdec
= 1× 105ǫ−1B,−2M
−1/3
−2 n
−2/3
0 β
−1
0.3 . (16)
Therefore, in a slow cooling regime (i.e., γm < γc) the
electron spectrum at t = tdec is
dN
dγ
(γ) =
{
N˜γ−s (γm < γ < γc)
N˜γcγ
−s−1 (γc < γ < γmax)
, (17)
while in a fast cooling regime (i.e., γm > γc),
dN
dγ
(γ) =
{
N˜γcγ
1−s
m γ
−2 (γc < γ < γm)
N˜γcγ
−s−1 (γm < γ < γmax)
. (18)
There are a few cases that electrons are cooled pre-
dominantly by ICS rather than synchrotron radiation in
the parameter range investigated in this study. In these
cases γc is replaced by the cooling Lorentz factor esti-
mated by the ICS energy-loss time scale, tICS. In the
Thomson regime the ICS cooling time scale is evaluated
by replacing the energy density of magnetic fields in Eq.
(9) by the energy density of photons. Since the Klein-
Nishina (KN) effect becomes significant in some cases,
we adopt the formula of ICS cooling applicable in both
Thomson and KN regimes in an isotropic photon field to
estimate γmax and γc,
tICS =
4
3σT c
[∫
dǫγ
1
bǫγ
dn
dǫγ
{(
6 +
b
2
+
6
b
)
log (1 + b)
− log2 (1 + b)− 2Li2
(
b
1 + b
)
−
1
(1 + b)2
(
11
12
b3 + 8b2 + 13b+ 6
)}]−1
, (19)
where b = 4γǫγ and ǫγ is the energy of photons in the
unit of mec
2 [57]. The dilogarithm is defined as
Li2(x) ≡
∫ 0
x
dt
log(1 − t)
t
. (20)
When the ICS cooling of electrons is dominant, the elec-
tron spectrum deviates from a simple broken power-law
function in a high-energy range where the KN effect is
significant. A spectrum becomes generally harder in the
KN regime than in the Thomson regime because of the
weaker energy-loss rate of electrons. Thus, the approxi-
mation of a broken power-law function provides conser-
vative flux estimations in the energy range where the KN
effect is significant.
In practice, we calculate the SED of NSBMRs itera-
tively. First, it is calculated on the assumption that the
synchrotron energy-loss of electrons is dominant. The re-
sultant SED is utilized to evaluate the ICS energy-loss of
electrons. Then, the SED is re-calculated with the ICS
loss. The SED of NSBMRs is iteratively calculated until
the radiation energy density converges within 5%.
III. SPECTRAL ENERGY DISTRIBUTION
A. Fiducial Case
Figure 1 shows the SED of a NSBMR at t = tdec and
D = 100 Mpc calculated with our fiducial parameters
in Table I. In this case electrons are in the slow cool-
ing regime and the synchrotron cooling of electrons is
dominant. The differential sensitivity curves of Chandra,
5TABLE I: Model parameters
Symbols Fiducial
Ejected mass M 10−2M⊙
Initial speed of ejecta β 0.3
Number density of ambient matter n 1 cm−3
Energy fraction of electrons ǫe 0.1
Energy fraction of magnetic fields ǫB 10
−2
Spectral index s 2.2
Gyrofactor ξ 1
Fraction of accelerated electrons η 1
Distance D 100 Mpc
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1 ]
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E [eV]
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Fermi
CTA
FIG. 1: SED of a NSBMR at t = tdec and D = 100 Mpc with
the fiducial model parameters in Table I. The differential
sensitivity curves of X-ray and gamma-ray instruments are
also indicated: Chandra and Astro-H (100 ks; http://astro-
h.isas.jaxa.jp/researchers/sim/sensitivity.html), the Fermi-
LAT (1 year for the survey mode) [58], and CTA (50 hours;
the goal sensitivity) [51].
ASTRO-H, the Fermi Large Area Telescope (LAT), and
CTA are also plotted. Note that the differential sensitiv-
ity of XMM -Newton is roughly 50% better than that of
Chandra though it is not plotted.
The lower energy component (<∼ 10
21 Hz) consists of
synchrotron radiation. The SED of the synchrotron ra-
diation peaks at ν = νp,syn in an optical band as analyt-
ically estimated as [59]
νp,syn = 0.58
3γ2c eB
2πmec
= 5× 1014ǫ
−3/2
B,−2M
−2/3
−2 n
−5/6
0 β
−1
0.3 Hz, (21)
as long as electrons are predominantly cooled by syn-
chrotron radiation (Eq. 16) in the slow cooling regime
and 2 < s < 3. The coefficient of 0.58 is a slight mod-
ification to the characteristic frequency of synchrotron
radiation, which is obtained by a numerical calculation
that the SED of the synchrotron radiation of an electron
with certain energy peaks at 0.58 times the characteris-
tic frequency. The roll-off frequency of the synchrotron
radiation νmaxsyn is also analytically estimated in the same
way by replacing γc by γmax,
νmaxsyn =
{
9× 1020ξ−1β20.3 Hz (ξ < ξb)
2× 1027ξ−2ǫ
3/2
B,−2M
2/3
−2 n
5/6
0 β
5
0.3 Hz (ξ ≥ ξb),
(22)
when νmaxsyn is regarded as a function of ξ. Since the roll-off
frequency is limited by synchrotron cooling here, the up-
per formula is applied. The numerical calculation repro-
duces these analytical estimations very well. The effect
of synchrotron self-absorption appears below ∼ 2 × 108
Hz.
The higher energy component (>∼ 10
21 Hz) results from
the SSC emission of electrons. The photon energy at the
SED peak of the SSC emission is
Ep,SSC ∼
4
3
γ2chνp,syn
= 5× 1010ǫ
−7/2
B,−2M
−4/3
−2 n
−13/6
0 β
−3
0.3 eV, (23)
where h is Planck constant. This is described in the
unit of eV according to convention of gamma-ray com-
munities. This value is also reproduced in the numerical
calculation.
In figure 1 the flux of synchrotron radiation is higher
than the sensitivity curves of Chandra and Astro-H in
soft X-ray bands, while the SSC emission is far from the
sensitivity of the gamma-ray observatories. Note that
the sensitivity of Astro-H is the highest at its lowest en-
ergy range. Therefore, NSBMRs are detectable in X-rays
bands under the fiducial parameter set. However, the flux
of the SED peak is ∼ 4× 10−15 erg cm−2 s−1, being two
orders of magnitude smaller than the maximally achiev-
able bolometric flux fmax (Eq. 3). This is because 1) only
electrons with γ > γc efficiently radiate while the lower
energy electrons have larger energy due to s > 2 and 2)
the SED spreads over a wide range. The ratio of the en-
ergies in electrons above and below γc can be roughly es-
timated as [γ2cdN/dγ(γc)]/[γ
2
mdN/dγ(γm)] ≃ 0.1. Also,
the radiation is distributed over more than ten orders
of magnitude in frequency, which reduces the flux in a
band by ∼ 0.1. These two effects explain the two-order-
of-magnitude difference.
B. Parameter dependence on particle acceleration
The fraction of electrons participating in particle ac-
celeration η can be less than unity in analogy with SNRs.
It has commonly believed that a part of bulk electrons
are accelerated in SNRs. However, the fraction of accel-
erated electrons is difficult to firmly predict from particle
acceleration theories at present. Thus, η is treated as a
free parameter and its dependence is examined.
Figure 2 shows the dependence of the NSBMR SED
at t = tdec and D = 100 Mpc on the number fraction
of accelerated electrons η to the bulk electrons. In all
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η = 10-3
η = 10-5
FIG. 2: Dependence of the NSBMR SED at t = tdec on the
number fraction of accelerated electrons η. The adopted val-
ues of η are indicated in the legend. The other parameters
are the fiducial values. The red solid line corresponds to the
fiducial case shown in figure 1.
the cases electrons are primarily cooled by synchrotron
radiation. As indicated in Eq. (15), a smaller value of η
leads to a higher minimum Lorentz factor of electrons at
injection γm. The absence of low-energy electrons due to
high γm results in 1) the reduction of flux in radio bands
and 2) the enhancement of radiative efficiency due to the
relative increase of electrons with γ >∼ γc. The value of
γm and underlying parameter η affects the detectability
of radio emission discussed in [40].
In the intermediate η case (η = 10−3), the spectral
break at ∼ 1011 Hz is no longer due to synchrotron self-
absorption but due to the minimum Lorentz factor of
electrons γm. This can be confirmed by the spectral
slope proportional to ν4/3 below the break frequency.
Note that the SED of synchrotron radiation below the
frequency of synchrotron self-absorption is proportional
to ν3/2. We can also find the increase of radiation flux
by the enhancement of radiative efficiency in both syn-
chrotron radiation and SSC emission. Recall that the
target photons of SSC emission are synchrotron photons;
the number of SSC photons with certain energy is roughly
proportional to the squared number of the electrons emit-
ting the SSC photons. Electrons are still in the slow
cooling regime.
When the accelerated electron fraction η is very small
and reaches η = 10−5, the minimum Lorentz factor at
injection γm exceeds the Lorentz factor of the cooling
break γc and electrons enter the fast cooling regime. In
this regime, the frequency of the spectral break originat-
ing from γm is higher than that produced by γc, opposite
to the cases in the slow cooling regime, although it is dif-
ficult to distinguish these two breaks by eye in figure 2, as
they are very close at ∼ 1015 Hz for the parameter choice
here. The hard spectrum of the SSC emission below its
SED peak reflects that of synchrotron radiation below
∼ 1015 Hz (∝ ν4/3). The energy of photons correspond-
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FIG. 3: Same as figure 2, but dependence on the gyrofactor
ξ.
ing to the SSC peak is higher than that estimated in Eq.
(23) due to γm > γc; it can be estimated by replacing
γc by γm in Eq. (23) in the Thomson regime. However,
here, since the KN effect works at the energy of the peak
estimated on the assumption of the Thomson regime, the
energy of the SSC peak is lower than the prediction and
therefore the flux of the SSC emission is suppressed.
The roll-off frequency of synchrotron radiation mainly
depends on the gyrofactor ξ. Thus, the detection of the
spectral roll-off constrains the gyrofactor ξ. Figure 3
shows the dependence of the NSBMR SED at t = tdec and
D = 100 Mpc on the parameter ξ. In all the cases elec-
trons are mainly cooled by synchrotron radiation in the
slow cooling regime, and therefore the roll-off frequency is
governed by synchrotron cooling, i.e., νmaxsyn ∝ ξ
−1β2 (see
Eq. 22). There are the cases that NSBMRs do not radi-
ate X-rays because of the low maximum Lorentz factor of
electrons (the large gyrofactor). The figure indicates that
Chandra is sensitive to the parameter ξ in the range of
102 <∼ ξ
<
∼ 10
4. Also, the X-ray telescopes cannot detect
NSBMRs in the cases of ξ >∼ 10
4.
C. Conditions to be detected in gamma-ray bands
Let us consider the conditions for gamma-ray tele-
scopes to detect radiation from NSBMRs. The primary
cause for the low gamma-ray flux in the fiducial case (fig-
ure 1) is the low radiative efficiency. A narrow electron
spectrum around γc can enhance gamma-ray flux, which
can be realized by a high γm and a low γmax. A higher
minimum Lorentz factor of electrons at injection γm in-
creases radiative efficiency due to the absence of radia-
tively inefficient low-energy electrons. A lower maximum
Lorentz factor of electrons γmax also increases radiative
efficiency at t = tdec by increasing radiation at t = tdec.
Practically, these correspond to choosing a small η and
large ξ, respectively. These two factors make the bolo-
metric flux close to the maximally achievable bolometric
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FIG. 4: Case SEDs where the gamma-ray telescopes can de-
tect NSBMRs at t = tdec. The parameters other than the
fiducial values are indicated in the legend.
flux fmax (Eq. (3)).
A high γm seems difficult to be realized in the frame-
work of diffusive shock acceleration. Nevertheless, such
a high γm is already required for the SED modeling of
some blazars (e.g., [60]). One possible way to realize an
electron spectrum with a large γm is stochastic accel-
eration downstream of a forward shock where magnetic
turbulence is excited [61, 62]; the electron spectrum is
able to have a high γm if the escape of particles from
the system is inefficient (e.g., [63, 64]). Detailed discus-
sions on stochastic acceleration in NSBMRs is beyond
our scope in this paper. We only point out that there
is a motivation to consider narrow electron spectra with
high γm.
Another point is the energy of photons where the SED
of SSC emission peaks Ep,SSC, which is mainly related
to the detectability by CTA. As estimated in Eq. (23),
the peak energy of SSC emission is ∼ 40 GeV under the
fiducial parameter set. This is in the Fermi-LAT energy
range. If Ep,SSC increases to the CTA energy range, the
flux of both synchrotron radiation and SSC emission de-
creases. It can be found that Ep,SSC depends on all the
relevant parameters with negative exponents (see Eq. 23)
and any of these parameters positively correlates with the
flux of radiation. Thus, it is impossible to move the SED
peak of the SSC emission into the CTA energy range
without losing the flux. Furthermore, the KN effect sup-
presses the SSC flux if the peak frequency is sufficiently
high. The condition that the KN affects photons with
Ep,SSC is γchνp,syn >∼ mec
2 in the slow cooling regime.
Substituting Eqs. (16) and (21) into the condition, one
can obtain an inequality ǫB <∼ 8×10
−3M
−2/5
−2 n
−3/5
0 β
−4/5
0.3 .
A weak magnetic field results in a high γc, and then the
KN suppression begins to work at the SED peak of SSC
emission. Then, substituting Eq. (23) into the inequality,
we obtain the condition
Ep,SSC >∼ 1× 10
11M
1/15
−2 n
−1/15
0 β
−1/5
0.3 eV (24)
when electrons are primarily cooled by synchrotron ra-
diation. The very weak dependence on parameters indi-
cates that this condition is robust. Thus, efficient pro-
duction of gamma rays can happen below ∼ 100 GeV and
the SED peak energy cannot reach ∼ 1 TeV where CTA
is the most sensitive in the differential sensitivity. The
projected differential sensitivity of CTA becomes worse
monotonically below 1 TeV and the maximally achiev-
able flux fmax is comparable with that at ∼ 200 GeV.
However, the SED peak of SSC emission is difficult to
move to 200 GeV without the reduction of flux. Thus,
in order to detect NSBMRs by CTA, a high energy frac-
tion of electrons ǫe and/or their proximity are required
under the fiducial parameters for ejecta (M and β) and
the environment of the merger (n).
Figure 4 shows the cases where CTA and the Fermi-
LAT can detect NSBMRs at t = tdec. Here, as under-
stood from the comparison between the SEDs of syn-
chrotron radiation and SSC emission, the ICS energy-
loss of electrons is comparable with or larger than the
synchrotron energy-loss. The electrons are in the slow
cooling regime.
In the case that the predicted SED reaches the differen-
tial sensitivity of CTA, the ICS and synchrotron energy-
loss of electrons are comparable, and therefore Eq. (23) is
applicable, i.e., the energy of photons at the SED peak of
the SSC emission is ∼ 40 GeV. The SED is extended up
to ∼ 200 GeV, and this extension is the target of CTA.
CTA can detect gamma rays from NSBMRs within ∼ 20
Mpc, if such a parameter set is realized. In this case, a
very sharp X-ray spectrum, which is detectable, is pre-
dicted in soft X-ray ranges because of the maximum en-
ergy of electrons high enough to produce gamma rays up
to the CTA energy range.
When the radiative efficiency of gamma rays is suffi-
ciently high, the ICS energy-loss of electrons dominates
the synchrotron energy-loss, resulting in the SED peak
energy of the SSC emission lower than ∼ 40 GeV. This
enables the peak energy to approach ∼ 1 GeV where the
Fermi-LAT achieves the best differential sensitivity. In
this case, as the gamma-ray radiative efficiency is higher
than in the CTA case, the Fermi-LAT can detect NS-
BMRs up to 30 Mpc. On the other hand, the X-ray
telescopes do not always detect them, because it is not
necessary for electrons to have energies high enough to
emit X-rays. Remember that the Fermi-LAT is an all-
sky survey in a gamma-ray band. It can search for NS-
BMRs without a priori information on their positions.
Following Eq. (4), the expected number of NSBMRs
detectable by the Fermi-LAT is 0.7D31.5M
1/3
−2 n
−1/3
0 β
−1
0.3
whereD1.5 = D/10
1.5 Mpc, which is close to unity. Thus,
NSBMRs might have been already detected as sources
without clear identification in other wavelengths.
So far, we have considered dynamical mass ejec-
tion from NSB mergers. However, it is possible that
magnetically/neutrino-driven winds in the post-merging
phase can additionally powers the ejecta. Here, we ex-
amine one of such possibilities; a rapidly rotating and
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FIG. 5: SED of NS-NS merger remnants at t = tdec and
D = 100 Mpc in the cases that the ejecta are powered by
magnetically driven winds from rapidly rotating and strongly
magnetized massive NSs. The total kinetic energy of ejecta
is 7× 1051 erg corresponding to β = 0.9. The parameters not
indicated in the legend are the fiducial values.
strongly magnetized massive NS produced by a NS-NS
merger drives ejecta if the equation of state of NSs is
so stiff that the merged NS does not collapse to a black
hole (e.g., [20, 21, 48]). The massive NS initially has the
rotation energy of
Erot =
1
2
IΩ20 = 2× 10
52I45P
−2
−3 erg, (25)
where I = 1045I45 g cm
2 is the moment of inertia and
P = 10−3P−3 s is the initial spin period. This huge
energy is released within a characteristic time scale, i.e.,
spin-down time scale,
tsd =
3Ic3
B2pR
6Ω20
= 2× 103I45B
−2
p,15R
−6
6 P
2
−3 s. (26)
Here, Bp = 10
15Bp,15 G is the strength of the magnetic
field at a pole and R = 106R6 cm is the radius of the
massive NS. Thus, the total kinetic energy of ejecta can
increase by more than one order of magnitude, if the re-
leased rotation energy is converted into the kinetic energy
before tdec (> tsd).
Figure 5 demonstrates the SED of NS-NS merger rem-
nants in several cases of β = 0.9 which corresponds to
E = 7 × 1051 erg and tdec = 2 years. The ejecta ex-
pand with mildly relativistic speed of the Lorentz factor
of 2.3. Hence, the calculations with the non-relativistic
formalism is marginally justified.
In figure 5 strong SSC emission hides the roll-off fea-
ture of synchrotron radiation in all the cases of β = 0.9.
In the cases of ǫe = 0.3 electrons are predominantly
cooled by ICS, resulting in the lower cooling break of elec-
tron spectra γc and the lower corresponding SED peak
frequency of the synchrotron radiation than νp,syn. Such
a huge energy input into ejecta and the large energy frac-
tion of accelerated electrons enables us to detect gamma
rays even for a distance of D = 100 Mpc. Thus, the de-
tection of gamma rays from such distant NS-NS merger
remnants implies the formation of rapidly rotating and
strongly magnetized NSs. The internal pressure of the
massive NSs, which depends on the equation of state,
should be high enough to support them against gravi-
tational collapse after angular momentum redistribution
and neutrino cooling. Thus, the detection of gamma rays
may also allow us to constrain the equation of state of
NSs with the mass of the massive NSs inferred from GW
observations.
The huge energy input allows us to find NS-NS merger
remnants by surveys not only in gamma rays by the
Fermi-LAT but also in X-rays. The Monitor of All-sky
X-ray Image (MAXI) is a X-ray telescope on board the
International Space Station which monitors all-sky in a
soft X-ray band. The sensitivity of MAXI for phenom-
ena with time scale longer than ∼ 1 year is determined
by its confusion limit, 5× 10−12 erg cm−2 s−1 in the 3 –
20 keV band [65, 66]. Thus, although it is not enough to
detect NS-NS merger remnants at D = 100 Mpc, MAXI
can detect and localize them within ∼ 30 Mpc, in which
∼ 2D31.5M
1/3
−2 n
−1/3
0 β
−1
0.9 NS-NS merger remnants are ex-
pected, if the kinetic energy of ejecta is efficiently con-
verted into the energy of electrons (ǫe = 0.3). Here,
β0.9 = β/0.9. Thus, MAXI might have already detected
NS-NS merger remnants as unidentified sources, as well
as the Fermi-LAT. Future X-ray all-sky monitors such as
the Space-based multi-band astronomical Variable Ob-
ject Monitor (SVOM; [67]) may also contribute to the
blind searches of NSBMRs in X-ray bands.
The kinetic energy of the mass ejected from a BH-NS
merger can also reach ∼ 1052 erg only by the dynamical
mass ejection because the ejected mass can be larger than
that in the cases of NS-NS mergers. Note that the ob-
servation of GWs can distinguish a NS-NS merger from
a BH-NS merger. The dependence of the NSBMR SED
on the ejected mass will be discussed in Section VB.
IV. DETECTABILITY
In the last section we mentioned the detectability of
NSBMRs by simply comparing the predicted fluxes with
the differential sensitivities of the X-ray and gamma-
ray instruments. In reality background emission from
galaxies hosting NSBMRs could interfere their identi-
fication, unless observational instruments spatially re-
solve them or they are located outside the host galax-
ies. Temporal coincidence with GW radiation does not
allow background-free observations for NSBMRs because
they are long-lasting over years. In this section we dis-
cuss the identification of NSBMRs in optical, X-ray, and
gamma-ray bands with particular emphasis on possible
background emission. The detectability in radio bands is
discussed in detail in Ref. [40].
Radiation from the active galactic nuclei (AGN) of
host galaxies could be a prime competitor to NSBMRs
9in terms of luminosities. However, they are less impor-
tant background sources than other sources because AGN
bright enough to harbor emission from NSBMRs are rare.
Thus, we do not consider AGN as backgrounds.
When the galactic nuclei of host galaxies are not so ac-
tive like the Milky Way and other low-luminosity AGN,
astrophysical objects and/or phenomena in the host
galaxies are primary backgrounds for NSBMRs. SNRs,
to which a similar model as NSBMRs is applied, are not
severe background sources, although the kinetic energy
of ejecta is comparable (E ∼ 1051 erg). The deceler-
ation time tdec of SNRs is ∼ 100 yr due to the larger
mass and slower speed of ejecta. As a result, the flux of
a SNR is roughly 102 times smaller than that of a NS-
BMR. Since a supernova rate is ∼ 10−2 yr−1 for galaxies
like the Milky Way, only a few SNRs could contribute to
the total flux of SNRs at a time slice. The afterglow of
the SGRB associated with a NSBMR is another poten-
tial background if SGRBs originate from NSB mergers as
have been suggested. Although a SGRB produce highly
beamed emission, its afterglow might contribute to the
accompanying merger remnant after the significant decel-
eration of SGRB ejecta even for an off-axis event. How-
ever, the total energy of the afterglow is ∼ 1048 (θj/0.1)
2
erg, where θj is the opening angle of the SGRB jet (e.g.,
[68]), which is much smaller than that of the NSB ejecta.
Therefore, SGRB afterglows also do not contribute as a
background.
Different objects or phenomena dominantly contribute
as primary backgrounds in different wavelengths. Al-
though the contents of galaxies depend on their types,
the type of galaxies in which NSB mergers predominantly
occur is unclear because our knowledge on the mergers
is inferred from firmly identified NS-NS binaries in the
Milky Way. The observed host galaxies of SGRBs can
answer this problem if SGRBs are driven by NSB merg-
ers as believed. However, recent observations have re-
vealed that SGRBs are associated with both early-type
(i.e., elliptical) and late-type (i.e., spiral and irregular)
galaxies [69], supported by theoretical population stud-
ies (e.g., Ref. [70]). Hence, we consider both possibilities
to discuss possible backgrounds.
To summarize in advance, NSBMRs are expected to
be detected in X-ray bands. The identification of the
optical emission requires good spacial resolution of tele-
scopes. Gamma-ray emission can exceed possible back-
ground emission if its flux is enough to reach the sensi-
tivity of the telescopes.
A. Optical bands
The superposition of stellar emission is a primary back-
ground. Hereafter galaxies without strong active nuclei
and prominent starburst activity are called normal galax-
ies. The typical SED of normal galaxies, including both
late-type and early-type galaxies, has a peak at 1014 -
1015 Hz originating from the superposition of light of
various stars (see [71] for the typical SED of many types
of galaxies). In the case of the Milky Way the total lu-
minosity is estimated as ∼ 2 × 1010L⊙ in V-band [72]
where L⊙ = 4 × 10
33 erg s−1 is the bolometric solar
luminosity. Assuming the typical optical luminosity of
a galaxy hosting NSBMRs to be ∼ 1010L⊙, the flux of
the host galaxy in optical bands is ∼ 3 × 10−11D2−2 erg
cm−2 s−1. This flux is even much larger than the optical
flux demonstrated in figures 4 and 5 (hereafter, called
the high gamma-ray flux cases). A similar discussion is
applicable for starburst galaxies.
Good angular resolution of optical telescopes can help
to reduce the background by focusing a small part of
the galaxy around a NSBMR. Approximating the cross-
section of the galaxy to be πR2g, the flux of starlight
from a small region around the remnant with the area
of π∆φ2 is ∼ 8 × 10−14∆φ20R
−2
g,1 erg cm
−2 s−1 where
∆φ0 = ∆φ/10
0 arcsec and Rg,1 = Rg/10 kpc. Therefore,
optical telescopes with angular resolution of less than 1
′′
such as Keck telescopes 1, Subaru telescope 2, and HST
3, can identify synchrotron radiation from the remnant
at D = 100 Mpc in optical bands in the high gamma-ray
flux cases (figures 4 and 5). In the fiducial case a NSBMR
at D = 100 Mpc is fainter than the limited magnitude
of these telescopes, ∼ 1× 10−14 erg cm−2 s−1. NSBMRs
with D <∼ 50 Mpc are detectable with the better angular
resolution of <∼ 0.4
′′
which is achievable by the HST. A
recent observational result that a significant fraction of
SGRBs happens in the regions where no stellar light is
detected by the HST in their host galaxies [73] may relax
the requirement of angular resolution, if SGRBs originate
from NSB mergers.
B. X-ray bands
The primary background is X-ray binaries. Low-mass
X-ray binaries (LMXBs; <∼ 1.5M⊙) are associated with
old stellar population and are an good indicator of the to-
tal stellar mass; LMXBs are known to be the main X-ray
sources of early-type galaxies. On the other hand, high-
mass X-ray binaries (HMXBs: >∼ 10M⊙) are found in
star-forming galaxies, being correlating with young stel-
lar population, indicating a star formation rate. Nor-
mal late-type galaxies have complex population reflect-
ing complex X-ray source population. If X-ray emission
from these binaries are not resolved spatially, the total
emission from the binaries becomes a background for the
identification of NSBMRs.
X-ray observations of nearby galaxies by Chandra, in-
cluding both early-type and late-type galaxies, and star-
burst galaxies, resolve X-ray point sources in the galaxies
1 http://keckobservatory.org
2 http://subarutelescope.org
3 http://www.nasa.gov/hubble/
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and reveal an empirical relation among the total point-
source X-ray luminosity LXP, the total stellar mass Ms,
and star formation rate ρ, LXP = αMs,0 + βρ0 erg s
−1
where Ms,0 = Ms/10
0M⊙, ρ0 = ρ/10
0M⊙ yr
−1, α =
(1.3± 0.2)× 1029 erg s−1, and β = (7± 2)× 1038 erg s−1
[74]. In the case of the Milky Way the total stellar mass
of (6.43± 0.63)×1010M⊙ [75] and the star formation rate
of 0.68 - 1.45M⊙ yr
−1 [76] leads to LXP ∼ 9 × 10
39 erg
s−1. Similarly to the Milky Way most of galaxies stud-
ied in Ref. [74] have LXP ∼ 10
39 - 1040 erg s−1. Thus,
this range of LXP is a reasonable choice to discuss the X-
ray background of galaxies without AGN. The X-ray flux
from X-ray binaries is estimated as ∼ 8×10−15LXP,40D
2
2
erg s−1 where LXP,40 = LXP/10
40 erg s−1. Hence, NS-
BMRs at D = 100 Mpc can be detected in X-ray bands
in the high gamma-ray flux cases as long as the maxi-
mum Lorentz factor of electrons γmax is high enough to
produce X-rays. In the fiducial case they are firmly de-
tectable if the X-ray luminosity of their host galaxies is
LXP ∼ 10
39 erg s−1. If LXP is close to 10
40 erg s−1,
their X-ray flux is comparable with the flux of the total
flux of X-ray binaries. Even in this case the observations
of the temporal evolution of NSBMRs would allow us to
identify NSBMRs.
C. Gamma-ray bands
Galactic diffuse gamma rays are the main background
for identification. The diffuse gamma rays primarily
originate from cosmic-ray protons accelerated by SNRs.
They are produced by cosmic rays propagating in Galac-
tic space via the decay of neutral pions produced by in-
teractions with the ISM. Since star-forming activity is
already over in early-type galaxies, diffuse gamma-ray
emission from early-type galaxies is not considered.
The diffuse gamma-ray emission of the Milky Way has
been estimated by solving the propagation of cosmic rays
(e.g., using the GALPROP code [77]). Recent calcula-
tions required to reproduce the observational result of
the Fermi-LAT have revealed the diffuse gamma-ray lu-
minosity of the Milky Way is ∼ 7 × 1038 erg s−1 above
200 MeV in which π0 decay of cosmic ray protons dom-
inates [78]. Another late-type galaxy M31 is also de-
tected by the Fermi-LAT, and its SED can be explained
by a scaled SED of the Galactic diffuse emission down
to ∼ 4× 1038 erg s−1 above 200 MeV [79]. Interestingly,
Ref. [79] found that the number flux of photons above
100 MeV correlates with the star formation rates of Lo-
cal Group galaxies including several starburst galaxies.
Assuming the shape of the SED of these galaxies is sim-
ilar, this result indicates a correlation between gamma-
ray luminosity above 100 MeV and their star formation
rates. If this relation is applicable for all normal late-
type galaxies and starburst galaxies, the luminosity of
diffuse gamma rays is ∼ 1040 erg s−1 even for strong star-
burst galaxies with star formation rates up to ∼ 20M⊙
yr−1 such as M82, which indicates the gamma-ray flux of
∼ 8×10−15Lγ,40D
2
2 erg cm
−2 s−1 where Lγ,40 = Lγ/10
40
erg s−1 is the gamma-ray luminosity. Thus, gamma rays
from NSBMRs dominates the diffuse gamma rays of its
host galaxy in the high gamma-ray flux cases.
V. DISCUSSION
In Section III we discussed the dependence of param-
eters related to particle acceleration under the fixed pa-
rameters on the ejecta of NSB mergers, i.e., their massM
and speed β, and their environment, i.e., ISM density n.
However, these parameters are also uncertain at present
and should also be determined by observations. The de-
tection of the nine independent characteristic features of
NSBMRs allows us to infer all the nine model parameters
(see Table I). In the fiducial case (fig. 1) as an example,
there are four characteristic frequencies in the SED, i.e.,
the frequencies of the SED breaks by synchrotron self-
absorption and synchrotron cooling (νp,syn), the roll-off
frequency νmax, and the frequency of the SED peak of the
SSC emission. Two characteristic fluxes exist, i.e., flux
at the SED peaks of the synchrotron radiation and SSC
emission. The spectral index of the synchrotron radiation
is directly related to the spectral index of electrons s. The
light curves of NSBMRs, which have not been discussed
in detail, can determine tdec. Spectroscopic observations
of the host galaxies of NSBMRs can determine the dis-
tance D. The observations of these nine features can
in principle determine all the model parameters. Thus,
the multi-wavelength observations of NSBMRs are es-
sentially important to understand the physical nature of
NSBMRs, NSBs, and their environments. In this section,
we provide the dependence of the NSBMR SED on the
parameters of the ejecta of NSB mergers (M and β) and
their environment (n) in an analytic way to help param-
eter estimations from observations.
If electrons are accelerated, we expect that cosmic rays
are also accelerated in NSBMRs. It is interesting to con-
sider hadronic emission as well as the possible contribu-
tions to the observed cosmic rays, regarding NSBMRs as
a new class of cosmic-ray accelerators. We also discuss
these topics in this section.
A. SED dependence on ISM density
The number density of the ISM in the vicinity of NSB
merger has been set to be n = 1 cm−3 throughout this
paper. This is motivated by the fact that NS-NS sys-
tems firmly confirmed and expected to be merged within
a Hubble time, namely B1913+16 [80], B1534+12 [81],
J0737–3039 [82, 83], and J1756–2251 [84], are located in
the disk of the Milky Way in which the typical density
of the ISM is ∼ 1 cm−3. On the other hand, there is a
possibility that NS-NS mergers occur in smaller densities
because 1) there is a NS-NS binary in a globular cluster,
namely B2127+11C [85], and 2) the ambient ISM density
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of a significant fraction of SGRBs has been inferred to be
<
∼ 0.01–0.1 cm
−3 (e.g., [86–89]). Also, there is no obser-
vational information on the ISM density around BH-NS
merger. Thus, it is useful to give the scaling laws of SED
on the ISM density n.
When electrons are in the slow cooling regime and are
predominantly cooled by synchrotron radiation, the fre-
quency of the synchrotron peak νp,syn is moved following
∝ n−5/6 (see Eq. 21) and the flux of synchrotron ra-
diation at the peak is scaled proportional to n(2s−3)/3.
The flux becomes lower in a lower ISM density environ-
ment. We can estimate or constrain the ISM density in
the vicinity of the NSBs through these dependence. This
also allows us to test the NSB hypothesis of the SGRB
origin by comparing the inferred density with the circum-
burst density of SGRBs.
B. SED dependence on ejecta properties
According to simulations, the parameters of ejecta, i.e.,
M and β, depend on the equation of state of NSs which is
uncertain [15]. The mass of ejecta M may be larger than
∼ 10−4M⊙ up to ∼ 10
−2M⊙ and β is distributed from
∼ 0.1 to ∼ 0.3 for NS-NS mergers [15]. The ejected mass
may be more for BH-NS mergers [27]. A recent observa-
tion of GRB 130603B implies M ∼ 10−2M⊙ and β ∼ 0.1
if the post-burst radiation is interpreted as a macronova.
When the synchrotron cooling of electrons is dominant in
the slow cooling regime, the frequency of the synchrotron
peak νp,syn is scaled according to ∝M
−2/3β−1 (Eq. 21)
and its flux at ν = νp,syn is proportional to M
s/3β3s−3.
Here, we can learn that the flux of NSBMRs is very sen-
sitive to β.
C. Cosmic-ray acceleration and hadronic
gamma-rays
An analogy with SNRs indicates that a forward shock
in NSBMRs can accelerate cosmic rays as well as elec-
trons. The maximum Lorentz factor of the cosmic rays
with their atomic number Z and nuclear mass number A
is estimated following the same discussion as electrons,
γCR,max = min

3ZeβRdecB
20ξAmpc2
,
[
9πZeA2m2pβ
2
10ξσTm2eB
]1/2 .
(27)
Here, the nuclear mass is approximately Amp and mp
is the proton mass. Regarded as a function of ξ, the
maximum Lorentz factor is numerically represented as
γCR,max ={
3× 1011ξ−1/2Z1/2Aǫ
−1/4
B,−2n
−1/4
0 β
1/2
0.3 (ξ < ξb,CR)
1× 108ξ−1ZA−1ǫ
1/2
B,−2M
1/3
−2 n
1/6
0 β
2
0.3 (ξ ≥ ξb,CR),
(28)
where
ξb,CR = 2× 10
−7ZA−4ǫ
3/2
B,−2M
2/3
−2 n
5/6
0 β
3
0.3. (29)
Since the value of ξ is more than unity by definition, the
dynamical time scale always limits the maximum Lorentz
factor of cosmic rays under our choice of parameters. The
maximum Lorentz factor corresponds to 1 × 1017 eV for
protons and 3×1018 eV for irons, respectively. Therefore,
NSBMRs can be sources of ultra-high-energy cosmic rays
above the knee up to the ankle in the cosmic-ray spec-
trum.
Since cosmic rays are accelerated, gamma-ray emis-
sion with the hadronic origin is an interesting possibil-
ity as in the cases of SNRs. Here, let us estimate the
flux of hadronic gamma-ray emission through the inter-
action of accelerated protons with the strongly shocked
ISM. Since the protons travel a distance of ∼ ctdec at
t = tdec, the optical depth of pp interactions down-
stream of the forward shock is τpp ∼ 4nσppctdec =
9 × 10−7M
1/3
−2 n
2/3
0 β
−1
0.3 , where σpp ≈ 5 × 10
−26 cm−2 is
the cross section of an inelastic pp collision. The maxi-
mally achievable bolometric flux is τppξγǫpE/4πD
2tdec ∼
4×10−20ǫp,−1ξγ,−1ǫp,−1M−2n0D
−2
2 erg cm
−2 s−1, where
ǫp,−1 = ǫp/10
−1 is the energy fraction of accelerated pro-
tons to the total kinetic energy of ejecta and ξγ,−1 =
ξγ/10
−1 is the energy conversion efficiency of protons to
gamma rays in a pp collision. Thus, gamma rays from pp
collisions do not compete with the leptonic gamma rays
at t = tdec. The relative contribution of gamma rays
from pp collisions increases at later time because τpp is
proportional to the time of the system as long as protons
are confined in the system while high-energy electrons
are cooled. Also, we expect that the flux of high-energy
neutrinos is similar to that of the hadronic gamma rays.
VI. SUMMARY
We have shown that electrons accelerated at forward
shocks in NSBMRs can produce high energy emission
in X-rays and gamma-ray bands. The X-rays are de-
tectable even by the current generation X-ray telescopes
at t = tdec under the fiducial parameter set (see Table I).
The detection of the high-energy radiation reveals the
acceleration of high-energy particles in NSBMRs. Also,
the observation of the radiation allows us to test the NSB
merger hypothesis of SGRBs through the comparison be-
tween the estimated ISM density surrounding the merg-
ers and the circumburst density inferred by the observa-
tions of SGRB afterglows.
We also suggest that NSBMRs are the accelerators of
ultra-high-energy cosmic rays beyond the knee up to the
ankle in the cosmic-ray spectrum. We find that the flux
of gamma rays originating from these cosmic rays is much
lower than that of the leptonic gamma rays at t = tdec.
Nearby NSBMRs (<∼ 20 Mpc) may be also detected
by the Fermi-LAT and CTA if the radiative efficiency of
12
electrons is high enough at t = tdec (see figure 4). In
order to enhance the radiative efficiency a narrow elec-
tron spectrum centered at the cooling Lorentz factor of
electrons γc is required. Diffusive shock acceleration, be-
lieved to work in SNRs, is difficult to predict such a nar-
row spectrum. Thus, the detection of gamma rays implies
an alternative mechanism like stochastic acceleration as
motivated by SNRs.
If the ejecta are powered by another source, i.e., a
magnetically/neutrino driven wind in addition to the dy-
namical mass ejection, the flux of radiation from NS-
BMRs can be enhanced. We demonstrated that NS-NS
merger remnants even at D = 100 Mpc are detectable in
gamma rays, for example, if the ejecta are powered by
a rapidly rotating and strongly magnetized massive NS
born through the mergers and the radiative efficiency of
electrons is high. The detection of such distant NS-NS
merger remnants by gamma rays implies the formation of
such massive NSs. The massive NSs must be supported
by internal pressure. Thus, the detection may also allow
us to constrain the equation of state of NSs through the
mass of the massive NSs inferred by the observations of
GWs. The huge energy input also enables us to detect
the merger remnants by X-ray monitors, such as MAXI,
as well as the Fermi-LAT in the gamma-ray band. The
expected numbers of NS-NS merger remnants within the
distances where MAXI and the Fermi-LAT are sensitive
are ∼ 0.7 and ∼ 2, respectively. Thus, they might have
been already detected NS-NS merger remnants as sources
unidentified with typical X-ray/gamma-ray emitters.
We also scrutinized the detectability of NSBMRs
against possible competitors. X-rays from NSBMRs can
be firmly detected under the condition required for the
gamma-ray detection. On the other hand, they could be
competitive to those flux of X-ray binaries in the galax-
ies hosting the merger remnants in the fiducial case if the
total luminosity of the X-ray binaries is close to ∼ 1040
erg s−1. In this case the temporal evolution of X-ray flux
is useful to identify NSBMRs. The optical emission of
the merger remnants is hidden by total stellar emission
in the host galaxies. Thus, telescopes with good angular
resolution such as the Keck telescopes, the Subaru tele-
scope, and the HST, are required to spatially resolve the
merger remnants in the host galaxies to identify them.
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